• In a paper read before the Chelsea Clinical Society on March 19, 1912, Binthoven stated that a string galvanometer, with a deflecting time of 0.01 sec./mm. when standardized in the usual manner, was adequate to record the form and dimensions of the electrocardiogram.* He further stated that if the string could be made 10 or 100 times faster, the sensitivity remaining constant, no perceptible change would be noted in the record. 1 This conclusion remained unchallenged until 1933, when Reid and Caldwell 2 reopened the issue. Using a vacuum tube amplifier and a bifilar oscillograph, they showed in a tracing taken on a normal subject that the one hundredth harmonic was twice as large as the fundamental. Since then, although a number of workers have examined the problem," the issue remains open. It is not, however, the purpose of this investigation to shed new light on the proper techniques for recording the form and dimensions of the conventional electrocardiogram, but rather by a new method to explore the possibility that the higher frequency components may contain useful information. This approach was suggested to us particularly by the work of Langner, in which he showed beading and notching of the QTCS complex in patients with ischemic heart disease."
A study of the higher frequencies may be undertaken in a number of different ways: first, the usual amplitude-time record can be From tlie Laboratories of Cardiology and Biophysics, University of Cincinnati, and tlie Department of Medicine, Cincinnati General Hospital, Cincinnati, Ohio.
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•For a critically damped string this is about 6 decibels down at 20 c.p.s.
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written with sufficient width and speed to obtain the necessary resolution at high frequencies ; second, an autocorrelation-time displacement record can be obtained by analog or digital computation techniques; and, third, a method can be used to study the power spectrum.
In the present investigation, we have adopted the latter. In doing so, we have chosen to consider some of the average statistical properties of the electrocardiogram rather than its details. Since it was not known in the beginning for which details one would have to look, nor in which frequency range the significant features would be found, this approach seemed to have the advantage that it might permit a general survey of the higher frequencies without the accumulation of unmanageable amounts of records. Although some information is evidently lost in this statistical condensation process, it has greatly facilitated the solution of such problems as the signal-to-noise level and the optimal choice of frequency bands which can ultimately be chosen for a detailed analysis.
Methods
The subject was put in a low Fowler's position on a standard hospital bed, which was enclosed in a double-copper screen shielding cage to eliminate external electrical disturbances. Standard eleetroenrdiographic leads I, II, and III were used. These were connected one by one to a battery-powered, low noise, transistor amplifier (Medistor A-32 B), set to a gain of 1,000. This gain was in all eases sufficiently high so that the amplifier could be connected to the rest of the instrumentation, which is outside the shielding' cage, without unduly raising 1 the noise level. The signal was monitored by an oscilloscope and further amplified and filtered by a variable band-pass (Krohn Hitc, ultra low frequency band-pass 333-A). The output of the band-pass was then fed into an amplifier with continuously adjustable, calibrated gain (Philbriek co-efficient unit). This was done for the purpose of raising the signal to the proper recording level. The signnl was subsequently electronically squared in a quadratic rectifier (Philbrick squaring unit), the output voltage of which was proportional to the signnl power. Since the power spectral density is defined as an average (ideally to be taken over a record of infinite length), the output of the quadratic rectifier must be integrated and the integral divided by the length of the integration interval. A low puss filter with a properly set band limit was the electronic analog for this part of the datnproeessing sequence (Krohn Hite, ultra low frequency band-pass 330-A, with the lower band limit set as low as possible. This substitution is permissible because the system need not pnss D.C.). The output of the integrator was then proportional to the power spectral density of the signal generated by the electromotive force of the heart in the respective band-pass and was recorded on a standard two-channel direct-writing-electrocardiograph, together with a. standard low frequency electrocardiogram.
A detailed mathematical justification for this analog-computation procedure is beyond the scope of this paper, particularly since it can be found in a number of standard communication engineering texts. A succinct treatment of the topic may be found, for instance, in reference 32.
The complete recording of all frequency bands (0 to 1,000 c.p.s.) used took 30 to 40 minutes. The records were then analyzed. The main power was concentrated in a. small time interval corresponding to the QRS complex. The height of the pulses in this record was proportional to the power in the respective beats. Since breathing has an influence on the height of the pulses in the high frequency tracings in both the normal subjects and those with heart disease, the average power was taken over 10 cycles. The breathing effects were averaged out in this way. Four different groups of subjects were investigated : normal, young adults; patients with myocardial infarcts; patients with ischemic heart disease without demonstrable infarction; and middle-aged, normal subjects.
Results
In figure 1 , a typical single-lead record is shown ; the upper trace is the standard electrocardiogram, the lower trace is the filtered, squared, and integrated cardiac potential (lead II). The height of the wave of the lower trace is proportional to the power generated by the electromotive force of the heart.
In tables 1 through 4, the original data obtained by the power spectrum analysis have This figure illustrates a typical record. A Sanborn t'win-viso was used for this purpose. Standard lead IT is illustrated in the upper trace. In the lower trace the filtered, squared, and integrated potential is recorded simultaneously for standard lead IT hi the range from 90 to ISO c.p.s. been compiled. In the top row, the band limits of the filters are listed in cycles per second. Overlapping octave bands were vised, the lower frequency limit of any band being the center frequency of the preceding one. In the second row, a weighting factor is shown for each band. This factor was introduced for convenience, in order to bring the numerical values of the relative power in the various bands to the same order of magnitude. In the columns corresponding to the various bands, the ratio of the spectral power in the respective band to the power in the 0 to (i0 c.p.s. band (standard eardiographie range, not shown), multiplied by the weighting factor, is listed. To calculate the actual power ratio between any of. the bands, one has to divide the data of any one column by its respective weighting factor.
The weighting factor was calculated in the following way: A group of 12 young, healthy subjects (male college freshmen) was initially chosen, and their spectra determined. The power ratio was averaged for each band and a numerical factor determined which would reduce these averages to unity. The adoption of this way of representing the data has also greatly facilitated the graphical representation. Figure 2 (A) shows the typical power spectrum of a normal, young adult. On the ab- scissa, the bands are indicated; the ordinates show the weighted, relative power, taken from table 1. From table 1, the medians were also calculated for every band. As a measure for the scatter of the data, the semi-interquartile range is used. These quantities are plotted in figure 2 (B) ; the. semi-interquartile ranges are represented by gray shading.
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Power Spectra: Healthy Young Adults
It is not possible to summarize tables 2 and 3 in the same way, because the spectra of these groups of patients have wide variations. The spectra may be divided, however, into three relatively uniform groups. There are some spectra which resemble the normal ones rather closely. Figure 3 (A) shows medians and semi-interquartile ranges of nine subjects, of whom six had acute and three old myocardial infarcts. Tracings on the six acute cases were taken prior to discharge, and in all instances the S-T segments of the electro-cardiogram had returned to the baseline. The electrocardiographic age of the infarcts varied from 25 to 32 days. The age of the remaining three infarctions varied from one to five years. In two, there was no S-T elevation or depression, and in one the persistent elevation of the S-T segment in V 4 for over a year suggested the presence of an aneurysm. This group originally consisted of 10 patients, but one had to be discarded because the patient died and no infarct could be demonstrated at autopsy. In a small number of patients, extremely high power was found in some, if not all, of the higher frequency ranges. Median and semi-interquartile range of this group (six subjects) is plotted in figure 3 (B). All of these were recovering from acute infarctions ranging in age from 6 to 37 days. Four showed definite residual displacement of the S-T segment. Of the remaining two, Circulation Research, Volume X, June iiiC,2 both with inferior infarction, one showed 0.5mm. displacement of the S-T segment in lead III and marked coving. The other showed no segment displacement, marked coving, and changes in the precordial leads suggesting posterior ischemia. There is, finally, an intermediate group, having moderately elevated power between 40 and 180 c.p.s. A graph for this group is shown in figure 3(C), compiled from data of seven patients Avith old infarcts, and five patients recovering from acute infarcts. In this group, four showed displacement of the S-T segments. Three of these tracings were on patients recovering from acute infarction and about to be discharged. The fourth was on a patient with an infarction approximately five years old. Shortly after the tracing was taken, the patient died on the commode, and the infarct was demonstrated at autopsy.
The data of table 3 may be subdivided in the same way a,s those of table 2. Again, there are a number of spectra which are indistinguishable from normal ones, as shown in figure 4(A). Of these data, seven are from patients with chest pain as a prominent symptom, seven from patients with the same diagnosis but without conspicuous chest pain. Spectra with unusually high power at the high frequency end are also found among four patients of this group, as shown in figure  4 (B). In all these cases, this finding was associated with chest pain. In figure 4(C), finally, spectra with moderately high power in the highest ranges are shown. The spectra on which this figure is based came from six patients, of whom four had heart failure and pain ; in two, pain was not a symptom. In the standard 12-Jead electrocardiograms, only two from the group shown in figure 4 (A) exhibited an ischeinic pattern; in those from figure 4 (B), all exhibited nonspecific T-wave changes only; and in those from figure 4(C), one showed an ischeinic pattern.
No figure is shown for the data of table 4, because it is practically the same as that of healthy, young, normal subjects.
It is also important to know the range of variation of a spectrum of a particular individual after the lapse of some time. Meas- Histogram showing: (A) the typical weighted power spectrum of a normal, young adult (the frequency bands are shown on the abscissa); (B) the medians and semi-interquartile ranges of weighted power spectra from table 1-healthy, young adults (the former are shown as a horizontal base, the latter by the shaded areas). urements were, therefore, made in intervals of several days on a number of normal and abnormal subjects. The semi-interquartile range for these repeat spectra of a single subject was one-half as large as the semi-interquartile range for normal subjects as shown in figure 2(B) .
Discussion
When the first evidence was obtained'--7-s that the electrical output of the heart contained a measurable amount of energy at frequencies which were cut off by conventional electrocardiographs equipment, it was natural to speculate whether valuable information might be lost by the band-width limitation imposed by the usual procedure. It was also evident from Langner's work 7 -8-" that the relative amplitudes of high frequency contributions were very small. The "notching" or "beading" of the oscillographs record reported by Langner clearly indicates that the high frequency components that caused it had amplitudes which were of the same order of 874 FRANKE, BRATJNSTEIN, ZELLNER magnitude as the line width of the record. This small, relative power of the high frequency part of the spectrum of the electromotive force of the heart has led some investigators 13 to conclude that it does not contribute significant information. It must be pointed out, however, that the absolute magnitude of a signal is in no way a measure for its information content. The only relevant quantity in this respect is the signal-to-noise ratio. "With the power spectral method, we have found components as high as 3,000 c.p.s. i.n some subjects, which were well above the noise level.
Although it is not a priori admissible to discard the high frequency part of the spectrum, it is equally evident that something must be done to prevent it from being masked by the energetic low frequency components.
There are, basically, three avenues open to approach this goal, mentioned briefly above, corresponding to the basic representations of a stationary time series. (The electrocardiogram may be considered as a stationary time series or a stochastic process in a mathematical sense.) The first is the amplitude versus time representation, which is the same that is being used in standard electrocardiograph y . Langner has used it preferentially and has overcome some of the limitations mentioned above by means of expanded amplitude and time scales. He estimates that visual inspection of such an expanded record should reveal sufficient detail up to 500 c.p.s. The amplification is, nevertheless, basically limited in this case by the Fournier component with the highest amplitude and the dynamic range of the system.
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The autocorrelation function, which is the Fournier transform of the power spectral density function, should at least be mentioned as a second possibility. Except for some special cases, 14 -]r> this approach would necessitate the use of high-speed computers with large memories and, although attractive in theory, must be considered as not economical, at least for the present.
Another approach to the problem of demonstrating the small high frequency components is the use of electrical band filters. With filtering, the amplification of the high frequencies is limited only by the signal-to-noise ratio of the lead electromotive force in that particular band. On the other hand, filtering will not only introduce the desired linear distortion into the system but will alter at the same time the phase relationship of the individual waves of which the time series is composed. No further loss of information will, therefore, result when the phase information is discarded altogether by squaring and integration. This is the approach we have used in this work.
The resolving power of the filter method of power spectrum analysis is limited by the length T of the available data. If the filter pass-band were too narrow, the stability of the recorded power spectrum would be too low, i.e., large statistical fluctuations in the record would result. 12 In fact, the filter passband should be many times as wide as 1/T, or conversely, T should be large compared to the smallest band width. But what is T in the present case? We have found that practically all the electrical energy in the higher frequency bands is concentrated in the QRS complex (see fig. 1 ) and that the interval is electrically silent in all but the standard 0 to 60 c.p.s. range. Since the interval is much longer than the QRS complex, no energy from the previous event is stored in the filters and integrators when the next QRS pulse arrives. Each of the individual QRS complexes should, therefore, be considered as an individual, independent record; the time T is the length of the average QRS complex.
The narrowest of the filter bands used is 30 c.p.s. wide. The width corresponds to a Circulation Research, Volume X, June 1962 
Median and semi-interquartile ranges of weighted power spectra. (A) Patients with old mijocardial infarcts. (B) Patients recovering from acute vn/ocurdial infarctions. (C) Mixed group of patients (of the patients whose tracings fall in this pattern, some had old infarcts; some were recovering from acute infarctions).
minimum record length T = 1/30 second; the band width is, therefore, sufficiently large. The relation between band width and record length becomes more and more favorable at the higher frequencies, which are more important from the point of view of the present investigation. For the highest band, 350 to 700 c.p.s., for instance, the minimum necessary record length is .1/350 second only. As Langnev. 10 has already pointed out, the power spectrum analysis will not permit us to distinguish (at least if a single lead only is used) between several possible types of QES complexes which all may produce high frequency components in the spectrum, depending on the position of the heart vector. From a theoretical viewpoint, it would be ideal to obtain the total energy output of the heart by averaging the potentials over the whole body surface. This is practically impossible though ; one should at least try to take account of the variation of position of the vector in the frontal plane. To accomplish this, the average power in the standard leads was algebraically added (the power must be added algebraically, in contrast to field quantities, which are added vectorially). This procedure is admittedly a crude approximation, but jt is sufficient for our immediate problem, i.e., to determine the significance of high frequency components of the "heart generator." The use of the standard leads appeared advantageous, also, for the reason that it eliminates uncertainty concerning the position of the electrodes, is sufficiently simple and universally accepted. It seems certain that future research will come up with a better lead system. At present, there is no sufficient reason to prefer any of the many lead systems or lead fields that have been proposed.
When the present work was begun, the authors were primarily interested in a determination of the general significance of the information obtained when the frequency range of the electrocardiogram would be extended. Mainly on account of the work of Langner, one could anticipate an increase in the power of the high frequency components among patients having myocardial infarcts or coronary heart disease without infarction.
For tliis reason, these two groups were compared witli young, healthy normals. Later, a group of. elderly, normal subjects with no evidence ol! heart disease was included in the investigation. It should be pointed out here Ihat it was by no means easy to find a strict standard of normality which one could confidently apply to the choice of subjects. Absence of evidence of heart disease, electrocardiograph ic or otherwise, appeared not to be enough. An increase in high frequency power of the spectrum was found in a few instances in young adults and was associated with overweight, high blood pressure, and, in one instance, earcinoid. Because the number ol: such cases so far found was small, and the associated pathology too diverse, no estimate of their significance is possible at present. However, the occasional appearance of such abnormalities has led us to adopt rather stringent limitations in the choice of normal subjects. The age limits were set between 15 and 25 years. A large number of our normal subjects were college students; hospital patients were accepted as normal only if there was no systemic disease (most of them were hospitalized because of fractures or minor surgery). Applying the above-mentioned precautions, normal limits for the algebraic sum of spectral power density in leads I, II, and 111 were established and are shown in figure 2(B) . In view of the great care which was exercised in the choice of subjects, we do noi expect that future work will greatly alter this standard.
Comparing the spectra obtained from palients with myocardial infarcts with the normal ones, one will sec at: once that there are three classes of spectra. The first, shown in figure 3(A) , is almost identical with that of normal subjects. The second, shown in figure H(C), is somewhat elevated between 40 and 180 c.p.s. The difference, although easily discernible by visual inspection of the individual graphs (not shown) is not significant statistically, according to the Mann-AVhitney litest.' -* Moreover, the ratio of old to acute infarcts is the same in both groups, so that the spectra of figure 3(C) must be classified at present as a statistical variant of the nor- 
ist ogram, showing median and semi-interquartile ranges. (A) First group of patients diagnosed as having ischemia heart disease without infarction (these spectra cannot be distinguished from the normal). (B) Second group diagnosed as having ischemia heart disease without infarction (the high relative pouter noted in this group was associated in all instances with eotispicnous chest pain). (0) Third group diagnosed as having ischcinic heart disease without infarction (this group is intermediate between those shown in A mid B, but differs significantly from the group illustrated in A.
*Tliis test appears to be particularly suitable for this type of data. A nonparametric test was chosen hcfiiuse it appears doubtful at present that the power is normally distributed. The U-test is about equally as powerful as the t-test in rejecting the null hypothesis. in a I ones until more data will have accumulated. The spectra shown in figure 3(B) , however, are in a completely different class; there seems to be no continuous transition between this and the other two subgroups. All of the spectra of which figure 3(13) is composed are associated with acute infarction. It would be interesting1 to find out whether the spectra of this group were produced by the high frequency waves which Langner has found by his methods. A direct comparison is, unfortunately, not possible because suitable recording equipment was not at our disposal; however, there is some indirect evidence. For instance, in the paper by Langner and Geselowitz 10 (table 1), so-called high-pass filter residuals are listed; they are the per cent output-toinput ratios of high-pass filters and are a measure for the signal energy which was left after the low frequencies were cut off. In this table, a few abnormals are listed, residual of which in leads III and V L > is 3.5 to 6 per cent of the original signal. These cases have in common with our own findings the fact of a fairly wide separation, in amplitude from the rest of the subjects. Their number is rela-tively .small, as is that of ours. It is possible to compare the "residuals" of Langner with our own data of figure 3(B) by converting our own data into amplitude ratios. Taking data from the ranges between 250 and 700 cp.s., an average of 6 per cent results. This is in good agreement with Langner's data. It seems, therefore, that the data of figure 3 (B) correspond to the more extreme cases of "beading" and "notching" which Langner reports.
The findings in the group of subjects without infarction are similar to those for the myoeardial infarcts. They may also be divided into three subgroups. The first of these ( fig. 4A ) has again a normal spectrum ; the second ( fig. 4B ), an extremely high high-frequency content.
As before, there is also an intermediate group, which is shown in figure 4 The great number of acute cases among the patients with especially large high frequency power seems to indicate that it is mostly the acute phase during which this phenomenon occurs, and that the high frequency content may again diminish during the course of healing. Up to now, it was not possible to follow the course of the myocardial infarct from the beginning through the acute phase, mainly because a screened cage has to be used for the recording, so that tracings cannot be conveniently done at the bedside.
It was already pointed out above that no spectral abnormalities were found among elderly individuals who were definitely free from cardiac disease. In view of this, it would be interesting to know the time when spectral abnormalities first occur: before, during, or after the onset of an attack. It Avould also be interesting to know the effect of variants such as exercise, hypoxia, and certain drugs. To attack all these problems, modification of our present equipment to allow records at the bedside will be necessary.
Summary
A method has been developed for recording the power spectrum of the heart's electromotive force for the time interval corresponding to the QRS complex of the conventional electrocardiogram. Standards for healthy, young normals have been established. No significant change was noted in a group of healthy, middle-aged normals without heart disease. Three different patterns, however, were found for patients with ischeinic heart disease, with and without evidence of infarction.
